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E-mail address: steffen.klingenhoefer@physik.uni-mSaccades challenge visual perception since they induce large shifts of the image on the retina. Neverthe-
less, we perceive the outer world as being stable. The saccadic system also can rapidly adapt to changes in
the environment (saccadic adaptation). In such case, a dissociation is introduced between a driving visual
signal (the original saccade target) and a motor output (the adapted saccade vector). The question arises,
how saccadic adaptation interferes with perceptual visual stability. In order to answer this question, we
engaged human subjects in a saccade adaptation paradigm and interspersed trials in which the saccade
target was displaced perisaccadically to a random position. In these trials subjects had to report on their
perception of displacements of the saccade target. Subjects were tested in two conditions. In the ‘blank’
condition, the saccade target was brieﬂy blanked after the end of the saccade. In the ‘no-blank’ condition
the target was permanently visible. Conﬁrming previous ﬁndings, the visual system was rather insensi-
tive to displacements of the saccade target in an unadapted state, an effect termed saccadic suppression
of displacement (SSD). In all adaptation conditions, we found spatial perception to correlate with the
adaptive changes in saccade landing site. In contrast, small changes in saccade amplitude that occurred
on a trial by trial basis did not correlate with perception. In the ‘no-blank’ condition we observed a prom-
inent increase in suppression strength during backward adaptation. We discuss our ﬁndings in the con-
text of existing theories on transsaccadic perceptual stability and its neural basis.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
It is well known that the oculomotor system is able to retain its
accuracy in case of changes in oculomotor conditions (e.g. muscle
weakness or neural damage) that otherwise would lead to move-
ment inaccuracy and poor vision. In the laboratory this effect,
termed saccade adaptation, is typically studied by repetitive dis-
placements of the saccade target while the eyes are moving. When
the targets are shifted systematically in saccade direction, this pro-
cess is called forward adaptation, for shifts against saccade direc-
tion it is called backward adaptation (McLaughlin (1967), Miller,
Anstis, and Templeton (1981) and others, see Hopp and Fuchs
(2004) for a review). During the ﬁrst trials of an adaptation exper-
iment, the motor error as induced by the target shift is corrected by
secondary saccades. After a few tens of trials, however, human sub-
jects adjust the gain of their ﬁrst saccade until the displaced target
position is reached with a single saccade.
The adaptation effect is not only relevant in the context of ocu-
lomotor learning. The investigation of saccade adaptation might
also contribute to the understanding of the mechanisms that
guarantee transsaccadic perceptual stability. Saccades in generalll rights reserved.
europhysics, Philipps-Univer-
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arburg.de (S. Klingenhoefer).challenge visual perception (Bremmer & Krekelberg, 2003). Sac-
cade adaptation speciﬁcally challenges perceptual stability as it
interferes with the established mapping between pre- and post-
saccadic perceptual space. Parts of the presaccadic visual ﬁeld that
were ‘bound’ to certain post-saccadic positions prior to adaptation
will fall onto different spatial locations afterwards.
In the present study we aimed to investigate how the visual sys-
tem would retain perceptual stability in the presence of motor dis-
tortions as induced by saccade adaptation. It is known that
transsaccadic perceptual stability is supported by different mecha-
nisms. On the one hand, speciﬁc aspects of visual perception are
suppressed during saccades ((Bremmer, Kubischik, Hoffmann, &
Krekelberg, 2009; Burr, Morrone, & Ross, 1994), see Ross, Morrone,
Goldberg, and Burr (2001) for a review). On the other hand, mech-
anisms that guarantee space congruency across ﬁxations are in-
volved (see Wurtz (2008) for a review). Existing theories of
transsaccadic stability can be grossly divided into those that
emphasize post-saccadic (and in some notions rather ’passive’) ef-
fects and others that focus on the contribution of active prepara-
tory processes that operate prior to the saccade (see Wurtz
(2008) for a review).
Evidence for the latter originates from physiological ﬁndings
that were ﬁrst made by single cell recordings in area LIP of the
rhesus monkey while the animal performed a saccade task (Colby,
Duhamel, & Goldberg, 1995; Duhamel, Colby, & Goldberg, 1992). In
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spatial response proﬁle prior to the eye movements: they shifted
their receptive ﬁelds (RFs) from their current position to their des-
ignated post-saccadic position thereby anticipating the spatial con-
sequences of the upcoming saccade. Since the discovery of this
effect, usually termed saccadic ‘remapping’ or ’updating’, it has
been replicated in slightly different variations in multiple other
areas of the monkey brain including the FEF (Umeno & Goldberg,
1997), the SC (Walker, Fitzgibbon, & Goldberg, 1995) and earlier
extrastriate visual areas (Nakamura & Colby, 2002) as well as in
humans (Merriam, Genovese, & Colby, 2003). For the monkey, it
has been demonstrated that the anticipatory shifting of the RFs
in the FEF is caused by an internal copy of the motor command,
termed corollary discharge or efference copy (Sperry, 1950; von
Holst & Mittelstaedt, 1950), that represents the metrics of the
upcoming saccades (Sommer & Wurtz, 2006). It is currently un-
known, however, if and how RFs shift in case of saccade adaptation,
i.e. if the shift would be based on the adapted or rather on an un-
adapted efference copy.
An alternative hypothesis concerning perceptual stability is
mainly based on results obtained in human psychophysical exper-
iments. One classical paradigm to study transsaccadic perceptual
stability in humans is the so called ’saccadic suppression of dis-
placement’ paradigm (SSD) (Bridgeman, Hendry, & Stark, 1975).
In this paradigm subjects perform a visually guided saccade. While
the eyes are in ﬂight, the saccade target is slightly displaced to a
random position. Subjects report if (or alternatively in which direc-
tion) they have perceived a displacement of the target. Usually, dis-
placement detection thresholds increase dramatically during
saccades compared to ﬁxation conditions (Bridgeman et al.,
1975; Deubel, Schneider, & Bridgeman, 1996; Li & Matin, 1990).
In other words, the visual system is rather tolerant against trans-
saccadic discrepancies in object positions. This tolerance, which
typically is considered as evidence for perisaccadic perceptual sta-
bility, can be easily disrupted, though, using a simple manipulation
termed blanking effect. In such case, the saccade target is brieﬂy
blanked (typically 200 ms) at the time the eyes land (Deubel
et al., 1996). This cancels perceptual stability and subjects regain
a remarkable precision in a displacement discrimination task.
Based on these and other ﬁndings (Deubel, Bridgeman, & Schneider,
1998), Deubel and colleagues have proposed that re-afferent visual
information (i.e. the post-saccadic visual scene) and in particular
the presence of reference objects like the saccade target itself
might play an important role in the preservation of transsaccadic
perceptual stability (Bridgeman, 1995; Deubel, 2004; Deubel
et al., 1998).
Following a slightly different approach, a couple of recent stud-
ies have found adaptation speciﬁc distortions in perceptual locali-
zation of stimuli that are presented before, during or after a
saccade (Awater, Burr, Lappe, Morrone, & Goldberg, 2005; Bahcall
& Kowler, 1999; Collins, Dore-Mazars, & Lappe, 2007; Collins, Rolfs,
Deubel, and Cavanagh, 2009).
Bahcall and Kowler (1999) and Collins et al. (2009) asked sub-
jects to indicate the position of a visual target that was used to elicit
an (adapted) saccade in a blanking paradigm. Judgments were
made by comparing the remembered target position to that of a
probe stimulus, that was presented some time (200 ms) after the
saccade had ended. In these experiments, the original saccade tar-
get was blanked before (Bahcall & Kowler, 1999) or during (Collins
et al., 2009) the saccade. In non-adaptive control trials, localization
of the saccade targetwas almost veridical. In adaptation trials, how-
ever, the probe stimuli had to be shifted in the direction of adapta-
tion to match the remembered position of the saccade target.
In our present study we aimed at extending the existing litera-
ture on localization during saccade adaptation by investigating SSD
in face of saccade adaptation. In contrast to Bahcall and Kowler(1999) and Collins et al. (2009) we conducted our main experi-
ments under conditions in which perceptual stability was not dis-
rupted by the target blanking effect. Further, we did not only
concentrate on the spatial aspect of SSD, but did also quantify sup-
pression strength. We engaged subjects in saccade adaptation par-
adigms. Once adaptation was established, we interspersed trials in
which perception of saccade target displacements was tested in a
discrimination task (left/right), and, supplementary to former
studies, also in a detection (yes/no) task. In addition to a blank con-
dition we tested a no-blank condition in which the saccade target
was not blanked when perceptual judgments were acquired. To
avoid positional judgments with respect to external visual refer-
ences, all our experiments were conducted in a completely dark
environment.
2. Materials and methods
2.1. Subjects
Five subjects (three female and two male, mean age 26 years)
gave written consent to participate in the experiments. All of them
were experienced in psychophysical experiments, but were, except
for one of the authors, naïve as to the goals of this study. The exper-
iments were performed in accordance with the ethical standards of
the 1964 Declaration of Helsinki.
2.2. Apparatus
Experiments were performed in a light and sound proof exper-
imental chamber. Subjects were comfortably seated with their
head supported by a chin rest. Eye position was monitored at
500 Hz using an infra-red eye tracker system (EyeLink II, SR-
Research). Subjects were facing a large screen (80  60 of visual
angle) on which stimuli were projected by a CRT projector (Mar-
quee 8000, running at 150 Hz). Background luminance of the
screen and its surroundings was below 0.1 cd/m2, i.e. there were
no visual references available during the trials. Saccade onset
detection that triggered target displacements in the adaptation
conditions and target disappearance in the blank trials (cf. below)
was based on a pure position criterion: eye position had to deviate
from the initial ﬁxation position by more than 2 in the direction of
the intended saccade for more than two samples.
2.3. Task
Subjects always had to make a saccade from left to right in re-
sponse to a jump of a ﬁxation target. In some trials (‘probe trials’)
they were prompted to report their perception of perisaccadic tar-
get displacements. In such case we collected two responses: the
direction of the target displacement (left/right) and whether or
not subjects had perceived such a displacement (yes/no). In the fol-
lowing, we will refer to the results of the yes/no task as the detec-
tion data, to those of the left/right task as the discrimination data.
The detection data are dependent on the response criteria of the
subjects (‘subjective data’), while the left/right response is bias free
(‘objective data’). To give a response, subjects pressed one of four
possible response keys on the number pad of the keyboard accord-
ing to the following coding scheme: 7 – ’left, yes’, 9 – ’right, yes’,
1 – ’left, no’, 3 – ’right, no’. The given response was visible to the
subject and could be corrected without temporal constraints.
2.4. Experimental conditions
Each subject was tested in the six conditions resulting from the
combination of three adaptation conditions (backward, forward and
no-adaptation) with two manipulations on the reappearance of the
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als. All subjects completed two sessions per condition.
2.4.1. Adaptation conditions
In forward and backward adaptation trials the saccade target
was repositioned upon saccade onset by an amount of 20% of the
saccade amplitude either in (forward) or against the direction
(backward) of the eye movement, respectively. The saccade target
remained at its original position in the no-adaptation control con-
dition. In the following, the forward and backward adaptation con-
ditions will be marked in ﬁgures and indices as ‘F’ and ‘B’,
respectively; the control condition as ‘C’.
2.4.2. Target blanking conditions
In probe trials, a brief blanking of the saccade target (250 ms)
upon saccade onset distinguished blank trials from no-blank trials.
In other words, in no-blank trials the saccade target was immedi-
ately displaced to its ﬁnal position, in blank trials this was only
the case after a brief period without any visual stimulation. Note,
that the target was only blanked in trials in which the subjects
were asked to give perceptual report. All other trials, i.e. pure sac-
cade and pure saccade adaptation trials, were similar in blank and
no-blank sessions.
At most two sessions were completed by an individual subject
per day. After having completed an adaptation session, subjects
were never tested in another session on the same day. Given these
constraints, all conditions were tested in pseudo-randomized
order.
2.5. Paradigm
2.5.1. General spatial layout
In all trials and conditions, saccades were triggered by a target
jump of 25 amplitude from left to right. Mean positions of the pre-
and post-saccadic targets were located on the horizontal meridian
at 12.5 and +12.5, respectively. In order to avoid habituation to
particular eye positions, the spatial layout was jittered on a trial by
trial basis by a random amount (±5) around these mean positions.
Fixation and saccade targets were white circles, 0.3 in diameter,
and had a luminance of 10 cd/m2.
2.5.2. Time course
A brief period without any stimulation (250 ms) preceded each
trial and then a ﬁxation target appeared on the left side of the
screen. Subjects ﬁxated this target and started each trial by button
press. After a random time of 500 ms–750 ms the ﬁxation point
jumped to the right side of the screen, where it remained visible
for another 800 ms. The end of a trial was marked by the disap-
pearance of the ﬁxation target. To prevent dark adaptation each
trial was preceded by a luminance stimulus covering the area of
the whole screen (12 cd/m2, 175 ms).
Each session consisted of 300 trials. In case of adaptation trials,
the session started with 15 initial trials and was followed by an
adaptation phase of 85 trials. These 100 trials were followed by
200 intermixed adaptation and probe trials. For trials 100–200,
probe trials had a probability of 25%. Thereafter, probe probability
increased to 35%. Initial trials were pure saccade trials without
perisaccadic modiﬁcation of the saccade target’s position. In probe
trials the ﬁnal target position was not determined by the adapta-
tion condition but chosen from a set of positions that allowed an
effective assessment of displacement detection performance. For
this purpose, target position was drawn from a normal distribution
(sigma = 4 in the no-blank condition, sigma = 2.6 in the blank con-
dition). In order to prevent biasing the measurements by the choice
of probe positions, the center of this distribution was determined
adaptively during the initial probing phase using two staircase pro-cedures. Perisaccadic target displacements in adaptation and probe
trials were triggered by saccade onset, which was determined by a
pure position criterion as described above.
In case of no-adaptation trials, the ﬁrst 100 trials were standard
trials without target displacements. In the following 200 trials,
standard trials were interspersed with probe trials as described
above.
2.6. Data analysis
Data were analyzed using Matlab (The Mathworks, Inc.). In all
conditions, the data of the discrimination and the detection task
were analyzed separately. In both cases we characterized the spa-
tial aspect of the SSD effect as well as the suppression strength by
calculating two indices: a position index (PI) and a suppression in-
dex (SI). The indices were deﬁned differently for the two tasks (see
below).
2.6.1. Analysis of discrimination data
To determine subjects’ discrimination performance, probabili-
ties of ’right’ responses were plotted as a function of probe posi-
tion. Using least squares ﬁtting, logistic psychometric functions
with two free parameters (slope and position) were ﬁtted to the
data. We deﬁned the position index PI as the point of subjective
equality (PSE) of the psychometric function. This determines the
probe position where subjects reported ‘right’ in 50% of the cases,
i.e. where discrimination performance was at chance level. To cal-
culate the suppression index (SI) we ﬁrst determined the precision
of the discrimination judgments, i.e. the just noticeable difference
(JND) of the psychometric function (measured at 20% and 80%
‘right’ judgments). The JND was then divided by the value of the
no-blank, no-adaptation condition and deﬁned the suppression in-
dex SI.
2.6.2. Analysis of detection data
When displacement detection responses were plotted as func-
tion of target displacement (yes = 1, no = 0), they exhibited a
trough at the position with the smallest displacement detection
probability. In order to quantify these perceptual data, we ﬁtted
asymmetric gaussian functions through the data (Wdet). The free
parameters of the ﬁts were the amplitude (A) of the trough, the
halfwidth of the falling (sleft) and the rising part (sright) of the curve,
as well as the position of the minimum. In order to ﬁt the experi-
mental data of all conditions well, we had to allow for elongated,
ﬂat minima. For this reason the position of the ﬁtted curve was de-
ﬁned by two parameters (xleft and xright) representing the left and
the right border of the minimum separately. All values between
these borders were ﬁtted with the same amplitude value (A). To
quantify suppression strength, we computed the area between a
constant function with detection probability of 90% and that part
of the function Wdet that fell below this probability. This value
was divided by the value of the control condition (i.e. the no-blank,
no-adaptation condition) and deﬁned the suppression index SI. The
position index PI was deﬁned as the x-component of the centroid of
the area of the trough.
2.7. Statistics
To quantify the population data, all measurements from single
subjects were pooled prior to the analysis. In all statistical tests,
the no-adaptation control was compared to both the backward
and the forward condition using an a-level of 5%. Below, adaptation
conditions will be indicated in the superscripts of the respective
measures; differences will be marked by a delta symbol. For exam-
ple DPIB–C represents the difference in PI between backward and
no-adaptation control condition, i.e. DPIB–C = PIB  PIC. To establish
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statistics using a resampling bootstrap method. In each test
n = 1000 bootstrap samples of the respective experimental data
were created. Signiﬁcant difference between adaptation conditions
was established by testing if zero was included in the conﬁdence
interval of the mean.3. Results
3.1. Oculomotor behavior
Behavioral data for the different adaptation conditions are
presented in Fig. 1. Results of all subjects and of both blank and
no-blank conditions were pooled. No differences in oculomotor
behavior could be observed in the data of the blank and no-blank
experiments. As expected and documented in many studies before,
targeting saccades of the no-adaptation control trials fell slightly
short of the saccade target (undershoot). In this condition the gain
(gain = saccade amplitude/target amplitude) was constant during
the experiment (g = 0.95). The adaptation paradigm, on the other
hand, induced rapid changes in saccade gain. In both conditions,
forward and backward adaptation, the target position changed by
5, i.e. 20% of the amplitude in the non-adaptation condition
(25). Asymptotic differences in amplitude of 3.7 and 2.2 be-
tween control and backward and forward condition were found,
respectively. The corresponding gain values were gB = 0.852 and
gF = 1.088 (as compared to the target values gB = 0.800 and
gF = 1.200). Conﬁrming results from many previous studies back-
ward adaptation was more complete than forward adaptation.
Importantly, during the probe phase saccade gain had already
reached an asymptotic level and was thus rather stable.3.2. Perception (I): SSD in face of saccade adaptation
Saccade landing positions and psychometric functions of the no-
blank condition are presented in Fig. 2. Functional values resultingFig. 1. Amplitude change during saccade adaptation. Median horizontal landing
positions of targeting saccades are shown as a function of trial number (average
data from all subjects and conditions; error bars indicate the ﬁrst and the third
quartile). The position of the initial saccade target on the screen was +12.5. Target
steps during adaptation were ±5, corresponding to 20% of the intended saccade
amplitude. Dashed lines indicate the position of the saccade target after the target
step in the adaptation trials. Both adaptation conditions induced a change in
saccade gain. Forward adaptation (right-facing triangles), was less complete than
backward adaptation (left-facing triangles). Saccade endpoints during the non-
adaptive control condition (circles) revealed a typical small saccadic undershoot.
After an initial pure adaptation phase, probe trials were interspersed randomly in
order to collect responses on the perception of target displacements.from these behavioral data (the position index (PI) and the sup-
pression index (SI)) are shown in Fig. 3.
As expected, the distributions of the saccade landing sites were
different in the adapted as compared to the control condition (left
column of Fig. 2). During backward adaptation the endpoint distri-
bution was slightly narrower (3.2 half width at half height
(HWHH)) than in the control condition (3.6 HWHH), the peak va-
lue increased by 18% as compared to the control condition. During
forward adaptation the endpoint distribution was slightly broader
(4.0 HWHH) while the peak value decreased by 4% as compared to
the control condition.
The middle and right column of Fig. 2 present the psychometric
curves of the population data. On average those curves were based
on n = 476 (min. 469, max. 499) data points. During control sac-
cades, the target positions with the smallest displacement detec-
tion probability were PIdis = 12.7 in the discrimination task and
PIdet = 12.8 in the detection task, i.e. they fell almost exactly on
the original target position (12.5). During adaptation, target stim-
uli that remained undisplaced at their initial position were likely to
be perceived as displaced. Differences in PI between adaptation
and control conditions were: DPIBCdis ¼ PIBdis  PICdis ¼ 3:8 and
DPIBCdet ¼ PIBdet  PICdet ¼ 3:0 in the backward condition, as well as
DPIFCdis ¼ 3:0 and DPIFCdet ¼ 2:7 in the forward condition. As a con-
sequence of the shifting PIs, the amount of ‘perceptual overshoot’,
i.e. the difference between PI and median saccade landing site
(EYE) was rather constant across conditions (cf. dark, inset bars
in Fig. 3A) and C)). Compared to the changes of the PIs, the changes
in ‘perceptual overshoot’ were small but signiﬁcant for the forward
conditions (DðEYE PIÞFCdis ¼ 0:8 and DðPI EYEÞFCdet ¼ 0:6) and
the backward condition of the detection task DðPI EYEÞBCdet ¼ 0:8.
In addition to the shifting of the PIs during adaptation, both the
discrimination as well as the detection performance during back-
ward adaptation decreased. This was reﬂected by a signiﬁcant in-
crease of the SI (DSIBCdis ¼ 0:67 and DSIBCdet ¼ 0:30). A more
detailed analysis of the detection data during backward adaptation
showed that the increase in SI was mainly due to changes in re-
sponse behavior in the region between the adapted and the una-
dapted target position (represented by the rising part of the
psychometric curve). To quantify this observation, we compared
the halfwidths (s) of the falling and the rising components of the
asymmetric gauss ﬁt functions. The halfwidth of the rising compo-
nent (sright) of the psychometric function showed a signiﬁcant in-
crease in the backward adaptation condition when compared to
the no-adaptation condition (DsBCright ¼ 3:8). The halfwidth of the
falling component did not change signiﬁcantly (DsBCleft ¼ 0:6).
In addition to the population analysis, we also ﬁtted psycho-
metric curves through the responses of individual subjects (cf. Sup-
plementary Fig. S1). On average single subjects’ psychometric
curves were based on n = 95 responses (min. 89, max. 103). Fig. 4
presents scatter plots of single subjects’ PIs and SIs as a function
of saccade end position. In both tasks, PIs were highly correlated
to changes in saccade endpoint induced by the adaptation para-
digms (R2 = 0.78 in the discrimination and R2 = 0.92 in the detec-
tion task).
3.3. Perception (II): the inﬂuence of target blanking
In the blank condition the saccade target was blanked for
200 ms upon saccade onset. Here, saccade endpoint distributions
were comparable to those of the control condition (left column
of Fig. 5). Both adaptation distributions were slightly lowered with
peak reductions of 5% and 16%. The half-widths at half-height in-
creased by 0.1 and 0.8 in the backward and forward adaptation
condition, respectively.
The PIs of the blank condition PIBdis ¼ 8:5; PINdis ¼ 12:5;

PIFdis ¼ 15:5 and PIBdet ¼ 8:6; PINdet ¼ 12:4; PIFdet ¼ 14:6Þ were
Fig. 2. Behavioral and perceptual results of the ‘no-blank’ condition. Saccade endpoint distributions (left column) as well as the psychometric functions of the discrimination and
the detection task (middle and right column, respectively) are shown for different adaptation conditions (population data). Black lines represent the mean ﬁtted curve, grey
regions 95% conﬁdence intervals of the mean. To allow for an estimation of the quality of the ﬁt functions, binned response probabilities are presented as diamonds. Results of
the control condition are presented in the middle row. Results from backward and forward adaptation are shown in the top and bottom row, respectively. In all panels
horizontal screen position is plotted on the abscissa. The ordinates of endpoint distribution graphs represent frequency of occurrence (normalized by the peak value of the
control condition); otherwise, response probability is shown. For better comparability between conditions (rows), results from the control condition are shown as dashed
lines in all adaptation panels. To simplify comparisons between columns, eye icons on the bottom and vertical dash-dotted lines mark the median saccade endpoint of the
corresponding adaptation condition in each panel. Triangles and vertical dotted lines indicate the position index (PI, see Section 2 for details). Psychometric functions shift
almost in parallel to the adaptive changes in saccade endpoints (B and C, and H and I). C: In addition, the psychometric functions of the backward condition are ﬂatter than the
controls and thus reﬂect an increase in suppression strength (SI, see Section 2 for details).
Fig. 3. Position indices (PI) and suppression indices (SI) of the ‘no-blank’ condition. The center column in each panel presents data from the control condition, left and right
columns show data from backward and forward adaptation, respectively. Error bars denote 95% conﬁdence intervals of the mean. Signiﬁcant differences between control and
either backward or forward adaptation are marked by asterisks. A and C: Light grey bars represent the position indices (PI). For comparisons, median saccade endpoints are
plotted as inset horizontal lines. The adaptation induced changes of the PIs were strong and highly signiﬁcant. The distances between saccade endpoints and the PIs are
shown as dark grey bars. B and D: During backward adaptation the SI increased signiﬁcantly in both the discrimination and the detection task.
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ences in PI between adaptation conditions were highly signiﬁcant
and almost paralleled the adaptation induced changes in saccade
landing site. The differences between the PIs and the median sac-
cade landing positions (the ‘perceptual overshoot’) were rather
constant across adaptation conditions again. The modulation of
the value of the forward adaptation condition in the discrimination
task, however, reached signiﬁcance DðPI  EYEÞBCdis ¼ 0:7
 
. Sin-gle subjects’ PIs were highly correlated to changes in saccade end
position (R2 = 0.78 in the discrimination and R2 = 0.92 in the detec-
tion task, cf. Supplementary Fig. S2).
In all cases, we found weaker SSD in the blank than in the
no-blank condition. For example, in the population data of the
no-adaptation, blank experiments, the suppression index (SI)
dropped to 40% of its level in the no-blank condition, in the detec-
tion task it dropped to 11%. In the no-blank experiments, we found
Fig. 4. Comparison of single subject data and population results (‘no-blank’ condition).
The position indices (PI) and suppression indices (SI) calculated for individual
subjects are plotted as a function of mean saccade landing position. Error bars
correspond to 95% conﬁdence intervals of the mean. In each panel, diamonds mark
data from the no-adaptation condition, circles represent data from the adaptation
conditions (blue: backward, green: forward). Numbers on the symbols correspond
to subject IDs. For comparison, the results of the population analysis are plotted as
black symbols in the background. A and B: Correlations between adaptation
induced changes in saccade landing position and PI were high in both tasks
(R2 = 0.78 and R2 = 0.92 for the discrimination and detection task, respectively). C
and D: All SIs were normalized by the population value of the no-adaptation
condition. (For interpretation of the references to colours in this ﬁgure legend, the
reader is referred to the web version of this paper.)
Fig. 5. Behavioral and perceptual results of the ‘blank’ condition. Graphical conventions ar
shift in parallel to the changes in saccade landing position. The shapes of the curves of the
data show a slight broadening in the forward adaptation condition. In general, the psyc
886 S. Klingenhoefer, F. Bremmer / Vision Research 51 (2011) 881–889a prominent increase in the SI of the discrimination data during
backward adaptation. This was not the case in the discrimination
data of the blank condition where the SI did not change signiﬁ-
cantly (DSIBCdis ¼ 0:1). The detection data of the blank condition,
however, showed a signiﬁcant increase in suppression strength
in the forward adaptation condition (DSIBCdet ¼ 0:18).
3.4. Saccade endpoint variability
Visually guided saccades are a prototypical sensorimotor pro-
cess. Such processes have to be performed within a certain frame
of reference. So far, all perceptual data have been analyzed in a spa-
tiocentric reference frame, namely in screen coordinates. The
above described results have clearly shown that the perceptual ef-
fects (modulation of the position index PI with adaptation state)
have paralleled oculomotor behavior (adaptation induced change
of saccadic landing site). This might suggest that these perceptual
effects might be best explained in oculocentric (retinal) coordi-
nates. In order to test this hypothesis we transformed the percep-
tual data to oculocentric coordinates and calculated the
corresponding psychometric functions. To compare perception
within the two reference frames, we then contrasted the JNDs of
the oculocentric psychometric functions with those of the spatio-
centric analysis. Smaller JNDs in an oculocentric reference frame
are indicative of a rather oculocentric coding. Similarly, a spatio-
centric effect will have the smallest variance (which is reﬂected
by the JND) when analyzed in spatiocentric coordinates. The rea-
son for this is, that trial-by-trial saccade endpoint variability is
added when an effect is not analyzed in its native coordinate sys-
tem (see Supplementary material for a detailed explanation). Fig. 7
presents the JNDs as obtained in an oculocentric and in a spatio-
centric analysis. In all conditions, the JNDs were consistently larger
in the oculocentric analysis. For example, in the no-adaptation,
no-blank control condition the JND increased by 2.0 in the oculo-
centric analysis. In the no-blank adaptation conditions the increasee the same as in Fig. 2. Similar to the ‘no-blank’ condition, the psychometric curves
discrimination data are similar across adaptation conditions, those of the detection
hometric curves are steeper than those of the ‘no-blank’ condition (cf. Fig. 2).
Fig. 6. Position indices (PI) and suppression indices (SI) of the ‘blank’ condition. Graphical conventions are the same as in Fig. 3. A and C: Spatial characteristics of the results were
similar to the ‘no-blank’ results. The PI changed signiﬁcantly in the adaptation conditions in response to oculomotor adaptation. The difference between saccade endpoints
and PIs, presented as dark grey bars, was constant in almost all conditions (in the forward adaptation condition of the discrimination task a small but signiﬁcant modulations
was observed). B and D: The SIs of the ‘blank’ condition, normalized by the value of the control condition of the ‘no-blank’ paradigm are presented. In general, SSD was weak
compared to the ‘no-blank’ condition. The results of the detection task showed a signiﬁcant increase in the SIs of the forward adaptation condition.
Fig. 7. Comparison of oculocentric and spatiocentric data analysis. The just noticeable
differences (JNDs) of the psychometric functions of the discrimination task are
presented for an analysis in oculo- and in spatiocentric coordinates. Assuming SSD
is an oculocentric effect that is analyzed in a spatiocentric reference frame, response
variability as reﬂected by the JNDs will be increased compared to the situation in
which the effect is studied in its native coordinate system (due to the additive
variability caused by saccade endpoint jitter, cf. Supplementary material). Exper-
imental results, however, show consistently smaller spreads for the spatiocentric
analysis.
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scribed above, the increase in variance in the oculocentric analysis
implies that part of saccade endpoint variability was compensated
for in the perceptual judgments and thus the data can be better ex-
plained in a spatiocentric reference frame. It is important to note,
however, that this is only true for trial by trial endpoint variability
that is NOT caused by saccade adaptation. Our earlier results
clearly show that changes in saccade endpoints caused by saccade
adaptation were NOT compensated for in the perceptual judg-
ments. Therefore, our results dissociate changes in saccade end po-
sition caused by saccade adaptation from those induced by trial by
trial endpoint variability. Interestingly, the former remained ob-
scured to the perceptual system – even though they were larger
in size – whereas the latter were taken into account in the percep-
tual judgements.
4. Discussion
The goal of this study was to investigate how the visual system
would deal with interferences with the established mapping be-tween pre- and post-saccadic space. To this end we studied saccad-
ic suppression of displacement (SSD) during saccade adaptation.
We asked subjects to report on their perception of perisaccadic tar-
get displacements in two different conditions, known to either re-
tain (no-blank) or to disrupt (blank) transsaccadic perceptual
stability (Deubel et al., 1996).
Our main results can be summarized as follows. Psychometric
functions shifted in the adaptation conditions such that the peri-
saccadic target displacements ceased to be perceived. These per-
ceptual shifts were strongly coupled to the adaptive changes in
saccade end position. Suppression strength increased under certain
adaptation conditions. Most prominently this was the case during
backward adaptation given that the saccade target was not extin-
guished perisaccadically (no-blank condition). If the target was
blanked during the saccade, subjects were more likely to report
displacements. Discrimination data showed higher precision in
displacement detection. Accuracy, however, was not veridical in
the adaptation conditions; the results were again biased towards
the saccade landing. Finally, our results are consistent with the
idea that, unlike information about changes in saccade landing site
caused by saccade adaptation, information about trial by trial end-
point variability is included in the perceptual judgments. Below,
we will discuss these results in the context of recent ﬁndings on
perisaccadic localization and existing theories of transsaccadic per-
ceptual stability.4.1. Comparison to localization studies
In the last years, several studies have investigated the inﬂuence
of saccade adaptation on perisaccadic localization (Awater et al.,
2005; Bahcall & Kowler, 1999; Collins et al., 2007, 2009). Bahcall
and Kowler (1999) asked subject to localize the former position
of the saccade target relative to a brief post-saccadic stimulus dur-
ing backward and forward adaptation. Recently, Collins et al.
(2009) published a more detailed report for the backward adapta-
tion case using a similar paradigm. In both studies, the saccade tar-
get was brieﬂy blanked at the end of the saccade in an effort to
avoid saccadic suppression of displacement (SSD). These results
are thus comparable to the blank condition of our experiments.
Both studies showed consistently that the saccade target was not
localized at its original position but was perceptually shifted in
the direction of adaptation. The spatial results from our current
study are in line with these ﬁndings, both qualitatively and quan-
titatively. Neither Bahcall and Kowler (1999) nor Collins et al.
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under different adaptation conditions.4.2. Pre- and post-saccadic mechanisms contributing to perceptual
stability
A central question in the context of transsaccadic stability is
how pre- and post-saccadic information are combined. Two impor-
tant approaches have emerged: theories that emphasize post-
saccadic (and in some notions rather ’passive’) effects on the one
hand (Bridgeman, 1995; Deubel, 2004; Deubel et al., 1998). On
the other hand, active preparatory processes are discussed that
operate prior to the saccade (Duhamel et al., 1992; Nakamura &
Colby, 2002; Umeno & Goldberg, 1997; Walker et al., 1995). In
the following, we will discuss our results within these frameworks.
Some of the aforementioned mislocalization effects observed
during saccade adaptation have been interpreted in the context
of extraretinal signals conveying information about changes in
eye position. Bahcall and Kowler (1999) for example pointed out
that the observed mislocalization of the saccade target in the direc-
tion of adaptation could be explained, if a signal representing the
intended (i.e. the unadapted) rather than the actual saccade ampli-
tude was used. This reasoning assumes that the veridical presacc-
adic eccentricity of the saccade target is stored in transsaccadic
memory. After the saccade, this value is compared to the efference
copy signal of the intended saccade in combination with the post-
saccadic eccentricity of the target. For example, let’s assume a 25
saccade is induced: due to backward adaptation, however, a sac-
cade of only 20 amplitude is performed and brings the displaced
saccade target to the fovea (thus canceling out the visual post-
saccadic error). If the system knew the actual saccade was only
20 in amplitude, it would signal a 5 target undershoot in compar-
ison with the stored excentricity of the saccade target (25). This is
certainly not what has been observed in the experiments. For this
reason it has been inferred that the efference copy reﬂected the in-
tended 25 saccade rather than the conducted 20 saccade. The
same logic can also be applied to our results, leading to the conclu-
sion that in the adaptation paradigm the efference copy carries
information about the intended and not the actual saccade.
However, if our results are considered from a different perspec-
tive, namely that perceptual stability is mediated by shifting RFs of
neurons in visual cortex based on an efference copy signal, a differ-
ent conclusion would have to be drawn: the results would have to
be explained by RF shifts that are directed to the adapted position
as this is the position were no target displacement is perceived. If
these RF shifts are driven by an efference copy signal, then this sig-
nal has to reﬂect the actual and NOT the intended saccade
amplitude.
Up to now, both lines of arguments are still speculative, because
neither the efference copy signal nor the RF shifting have been
investigated under adaptation conditions in physiological studies.
Recent behavioral studies in humans and monkeys, however, have
challenged the use of an ’intended efference’ rather than an ’actual
efference’ copy signal (Collins et al., 2007; Tanaka, 2003).
Our results as well as those of others (Bahcall & Kowler, 1999;
Collins et al., 2009) can indeed be explained in a setting consistent
with an efference copy reﬂecting the actual rather than the in-
tended saccade amplitude. In this scenario, it has to be assumed,
that the position of the saccade target (25 as in the example
above) is ﬁrst transferred to the adapted motor space (20) prior
to storage in transsaccadic memory. When this position is com-
pared to an efference copy signal reﬂecting the actual saccade
amplitude (20), no spatial discrepancies will be detected; spatial
stability will be established at the landing site of the saccade as ob-
served in our current experiments.A theory, that incorporates a veridical efference copy is appeal-
ing because it would keep coordinate systems aligned between dif-
ferent effector systems and could thus be used to guide behavior
without the need of further adaptation processes. In line with this,
Bruno and Morrone (2007) have found that during saccade adapta-
tion open loop pointing movements to visual targets are subject to
similar spatial distortions as visual localization judgements. In
addition, a veridical efference copy theory could be easily inte-
grated into the frameworks that focus on post-saccadic mecha-
nisms to explain transsaccadic perceptual stability (Bridgeman,
1995; Deubel, 2004; Deubel et al., 1998). The decisive point herein
is that there is actually no need for an explicit storage of the pre-
saccadic target coordinates within this framework – this informa-
tion is implicit in the motor act. In other words, the saccade itself
could be used as storage device for the presaccadic target position;
perceptual stability could be established simply by testing if the
saccade target appears in or near the fovea when the eye move-
ment is completed. This strategy relies on two reasonable assump-
tions, namely that (i) the visual scene does not change during
the saccade (Deubel, 2004; Teichert, Klingenhoefer, Wachtler, &
Bremmer, 2010) and that (ii) the saccade will bring the target onto
the fovea. This hypothesis is compatible with our results and pro-
vides probably the most intuitive explanation for them.4.3. The ‘blanking’ effect
The remarkable performance subjects showed in the ‘blank’
condition gave rise to the hypothesis that ‘. . .high quality informa-
tion about presaccadic target position and a precise extraretinal
signal are indeed available. . .’ (Deubel, 2004). It has been proposed
that in case no visual references are present after the saccade this
information is used, otherwise it is overwritten by post-saccadic
re-afferent visual input (Deubel, 2004). Our results reﬁne this
interpretation inasmuch as they show that during saccade adapta-
tion high precision judgments were indeed accomplished (re-
ﬂected by the steeper psychometric functions in the blank
condition). Accuracy, however, was not improved in the blank con-
dition – psychometric functions were not centered on the actual
target position but rather shifted in the adaptation conditions. Con-
cerning the neural basis of these judgments, the same arguments
as discussed above hold true. In particular the observed results
can also be explained in a framework that uses an implicit repre-
sentation of target position (by the motor act) and thus supersedes
the use of any explicit extraretinal information.5. Endpoint variability
Our results showed a clear dissociation between changes in sac-
cade end position caused by saccade adaptation and those result-
ing from trial by trial endpoint variability. Unlike adaptive
changes in end position, those that were caused by trial by trial
endpoint variability were compensated for in the perceptual judge-
ments. In case of a slightly undershooting rightward saccade for
example, a post-saccadic target that was presented in the fovea
would have been correctly judged to be left to the actual saccade
target. This is in line with earlier results obtained in a no-adapta-
tion SSD experiment (Deubel et al., 1996) and in backward adapta-
tion experiments in which subjects localized the saccade target in a
blank paradigm (Collins et al., 2009). These results suggest the
existence of information about saccade endpoint variability that
is not caused by saccade adaptation.
On the other hand, Niemeier, Crawford, and Tweed (2003)
reported a correlation between eye position scatter and SSD
strength between individual subjects. From our point of view, the
different results are not mutually exclusive as it might be that
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(caused by e.g. either ’high level’ planning or ’low level’ effector
noise); only some of them, however, might be included in an effer-
ence copy signal.
Certainly, the behavioral results raise the question about the
neural representation of the observed behavior. Sommer and
Wurtz (2002, 2004) have shown a signal that is sent from the SC
via the mediodorsal thalamus (MD) to the FEF carries information
about saccade endpoint variability. After inactivation of the MD
relay neurons, monkeys did not compensate completely for
variations in amplitude of a ﬁrst saccade in a double step paradigm
– with the MD intact, they did. This could be taken as evidence that
high precision extraretinal information about saccade amplitude is
actually represented in the brain.
5.1. Conclusion
To conclude, our results suggest that transsaccadic spatial mem-
ory is sacriﬁced in order tomaintain perceptual stability. It has been
suggested that the visual systemmakes use of the fact that the out-
sideworld does not change during saccades (Deubel, 2004; Teichert
et al., 2010). Our results reveal that, if the outsideworld does change
perisaccadically, it is not only the oculomotor system that adapts to
the newsituation–perception also does.We think an important fac-
tor in the interplay between the oculomotor and the visual system
mightbe thedirective that saccadesbring their targetsnear to the fo-
vea. To ﬁnally resolve the mechanisms of transsaccadic perceptual
stability (and their neural implementations), however, more exper-
iments will certainly have to be conducted.
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